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Polycyclic Aromatic Hydrocarbon Metabolites
in Urine as Biomarkers of Exposure and Effect
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Humans are exposed to polycyclic aromatic hydrocarbons (PAHs) from various occupational,
environmental, medicinal, and dietary sources. PAH metabolites in human urine can be used as
biomarkers of internal dose to assess recent exposure to PAHs. PAH metabolites that have been
detected in human urine include 1-hydroxypyrene (1-OHP), 1-hydroxypyrene-O-glucuronide
(1-OHP-gluc), 3-hydroxybenzolalpyrene, 7,8,9,10-tetrahydroxy-7,8,9,10-tetrahydrobenzolalpyrene,
and a number of other hydroxylated PAHs. The most widely used of these is 1-OHP-gluc, the
major form of 1-OHP in human urine, by virtue of its relatively high concentration and prevalence
in urine and its ease of measurement. This metabolite of pyrene can be measured as 1-OHP after
deconjugation of the glucuronide with B-glucuronidase or directly as 1-OHP-gluc without
deconjugation. Elevated levels of 1-OHP or 1-OHP-gluc have been demonstrated in smokers
(versus nonsmokers), in patients receiving coal tar treatment (versus pretreatment), after
workshifts in road pavers (versus before shifts or versus controls), after shifts in coke oven work-
ers (versus before shift), and in subjects ingesting charbroiled meat (versus preingestion). More
importantly, this metabolite is found (at low levels) in most human urine, even in persons without
apparent occupational or smoking exposure. Although measurement of these metabolites is
useful in assessing recent exposure to PAHSs, their value as predictive markers of biological
effect or health outcomes has not been rigorously tested and at present can only be inferred by
association. — Environ Health Perspect 104(Suppl 5):927-932 (1996)
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Introduction

Polycyclic aromatic hydrocarbons (PAHs)  gastrointestinal tract. Exposure to PAHs

e

are produced during incomplete combus-
tion of organic materials, and some are
known to be carcinogenic or cocarcino-
genic. Humans may be exposed to these
compounds from a wide variety of sources,
including occupation (coke oven or iron
foundry workers), environment (air pollu-
tants, drinking water), personal habits
(e.g., smoking), medical treatment (coal
tar), and diet (broiled and smoked foods)
(1-8). PAHs are readily absorbed into
the body through the skin, lungs, and

has been associated with lung and skin
cancer in occupational settings and may be
associated with other human cancers
(9-13). In addition to their carcinogenic
properties, PAHs are known to induce
metabolic enzymes and are cytotoxic.

The measurement of PAH metabolites
in urine has been proposed as a means of
assessing recent exposure to these com-
pounds. Besides the general advantages of
urinary markers such as noninvasiveness
and ready accessibility, urinary PAH
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metabolites are useful when assessing
multiple routes of exposure, when assessing
external exposure is difficult, or when col-
lecting blood is unacceptable. The mea-
surement of carcinogen metabolites in
urine has several potential uses: ) identi-
fication of groups and/or individuals with
recent exposure and, as a result, possibly
elevated risk of adverse health effects;
b) improvement of exposure information
in general and examination of geographic
or household differences; ¢) improvement
of risk extrapolation between species; and
d) understanding the etiology of and sus-
ceptibility to human carcinogenesis. For
urinary PAH biomarkers to be validated
for wide application in human popula-
tions, a number of relevant factors should
be examined: inter- and intraindividual
variation, sensitivity and specificity of the
measuring methods, and knowledge about
the kinetics of occurrence and persistence

of the biomarker (14).

Urinary PAH Metabolites as
Biomarkers of Internal Dose

PAH Metabolites Detected

A number of urinary markers of exposure
to PAHs have been investigated to assess
recent exposure to these compounds.
Becher and Bjorseth (15) developed an
analytical procedure to measure PAHs in
human urine by chemically reducing the
metabolites to parent PAHs and subse-
quent analysis by HPLC with fluorescence
detection. Although this approach increases
the sensitivity of the assay by increasing the
amount of parent compound used in the
analysis, a considerable body of informa-
tion about individual metabolites (and
their ratios) is lost in this process. The
recovery of the assay varied between 10
and 85% depending on the individual
compound, and the amount of compound
detected increased about 5-fold after reduc-
tion of metabolites. Using this methodol-
ogy, 11 urinary PAHs were quantitated in
aluminum plant workers and controls
stratified by smoking status (16). Total
PAH levels were elevated in occupationally
exposed workers and current smokers com-
pared to nonsmoking controls; however,
when some individual PAHs, including
benzo[a4]pyrene (B[4]P), were examined,
no differences were observed. In addition,
the assay was not sensitive enough to
examine the relationship between the air
concentration of PAHs and the excretion
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of PAHs in human urine. Further applica-
tion of this method (reversed metabolism)
to urine samples from workers in alu-
minum plants in Italy (17) and from coke
oven workers (18) did not show differences
in PAH levels in urine between exposed
workers and nonexposed controls.

Keimig et al. (1/9) reported that
1-hydroxypyrene (1-OHP) is a major
metabolite of pyrene in pig urine using
high performance liquid chromatography
(HPLC) with fluorescence detection and
gas chromatography—mass spectrometry
(GC-MS) confirmation. Jongeneelen et al.
(20-24) subsequently performed a series of
studies evaluating the excretion of PAH
metabolites in rodent and human urine.
They also measured 3-hydroxybenzo-
[a]pyrene (3-OH-B[4]P) in rat urine by
HPLC analysis after oral administration of
B[4]P given in different dose levels (25).
Because the urinary concentration of
3-OH-B[4]P was 2500-fold lower than
that of 1-OHP in psoriatic patients under-
going dermal coal tar treatment, these
investigators suggested that measurement
of 1-OHP in urine by HPLC would be a
more sensitive assay to monitor occupa-
tional exposure to PAHs (22). A number
of studies were conducted to measure
1-OHP in urine of individuals exposed to
PAHs occupationally and therapeutically.
These included coke oven workers, petro-
leum coke handlers, operators of a creo-
sote-impregnating plant, psoriatic patients
treated with mineral coal tar, and eczema-
tous dermatitis patients undergoing coal
tar ointment treatment. Although some
specific PAH metabolites were identified in
urine after exposure to PAHs, it was
impossible to characterize all of the isolated
metabolites. Some of these might be more
important than 1-OHP as biomarkers of
exposure to PAHs in terms of health effects
and biological relevance (20,23,24,26).

In a recent study (27), pyrene metabo-
lites were measured in human urine before
enzymatic deconjugation. The analyrical
method used immunoafhnity chromatog-
raphy (IAC) using anti-PAH adduct anti-
body, HPLC with fluorescence detection,
and the complementary techniques of syn-
chronous fluorescence spectroscopy (SFS)
and GC-MS to measure pyrene-containing
metabolites. The majority of urinary
1-hydroxypyrene was conjugated to glu-
curonide. Because 1-hydroxypyrene-glu-
curonide is approximately 5-fold more
fluorescent than 1-OHP, it provides a
more sensitive biomarker for assessing
exposure to pyrene.

928

STRICKLAND ET AL.

Gomes and Santella (28) investigated
methods for the detection of B[]P
metabolites in rodent urine by applying
several different preparative methods (ethyl
acetate extraction, Sep-pak C18 cartridge
chromatography, XAD-2 resin chromatog-
raphy, and IAC using anti-PAH adduct
antibody) and quantitation of metabolites
by competitive enzyme-linked immunosor-
bent assay (ELISA). They concluded that
metabolites are isolated best (52% recov-
ery) by IAC. Because the monoclonal
antibodies used to prepare their immuno-
affinity columns and used in their ELISAs
showed cross-reactivity with other B[4]P
and PAH metabolites, they suggested
that this assay may be useful as a general
indicator of exposure to PAHs.

More recently, Weston et al. (29)
reported an assay for quantitation of
B[4]P-tetrol in human urine by sequential
use of several analytical methods, IAC,
HPLC, and SFS. Although the sensitivity
of the assay was good (limit of detection
was 0.01 pmol/ml urine for a 10-ml urine
sample), the overall recovery of the assay
(about 30%) could be improved to enhance
the sensitivity of the assay. In spite of the
low recovery rate of the assay, 0.24 to 3.12
pmol B[#]P-tetrol/ml urine was detected in
four individuals who had recently consumed
charbroiled beef.

Further application of HPLC and
GC-MS methodologies [(30); S Myers,
unpublished data] have identified addi-
tional hydroxylated and methylated PAHs
in human urine. Of particular interest are
the methylated PAH metabolites, which
have not been studied in great detail but
are highly mutagenic.

Association of PAH Metabolite Levels
with PAH Exposure in Human Studies

Levels of 1-OHP in urine from individuals
exposed to several different PAH sources
are summarized in Table 1. Elevated levels
of 1-OHP have been demonstrated in
smokers, in patients after coal tar treatment,
after workshifts in road pavers, after shifts
in coke oven workers, after shifts in alu-
minum reduction workers, and in subjects
ingesting charbroiled meat (20-24,31-35).
These results indicate that considerable
variability occurs in these measurements
when performed by different investigators
at different worksites. Identifying the
relative contribution of several potential
sources of variability (e.g., laboratory,
exposure, or biological differences) is the
focus of much of the current research in
this area.

Kinetics and Interindividual Variation
in Metabolite Excretion

An understanding of the excretion kinetics
of PAH metabolites is necessary for their
effective use as indicators of exposure.
Studies in occupationally exposed workers
suggest that the half-life for urinary excre-
tion of 1-OHP is about 18 hr (36) and
ranges from 6 to 35 hr (24). Significant
differences in preshift and postshift
concentrations of urinary 1-OHP are
consistent with overnight (16 hr) clearance
of the internal dose of pyrene received on
the previous day (31). The major routes
of occupational exposure to pyrene in
these groups are through inhalation and
cutaneous absorption.

Additional information on excretion
kinetics is obtained from PAH ingestion
studies. Urinary excretion of PAH metabo-
lites has been examined in several con-
trolled feeding protocols (34,35,37). The
kinetics of 1-OHP excretion was examined
during and after ingestion of broiled beef
containing PAHs (34). Ingestion of 250 g
of broiled meat resulted in a 4- to 12-fold
increase in urinary 1-OHP concentration.
Maximum excretion occurred at approxi-
mately 6.3 hr after ingestion and declined
thereafter with an estimated half-life of 4.4
hr. Thus, most of the 1-OHP would be
excreted within about 15 hr (two half-lives
after maximum). In another charbroiled
beef feeding study (35), urinary 1-OHP
was markedly elevated within 16 to 20 hr
of ingestion and remained marginally
elevated (2.5-fold above prefeed baseline)
72 hr after ingestion.

Biologically determined interindividual
variation is difficult to assess in occupa-
tional exposure settings because of the
uncertainty of true exposure and dose.
However, controlled feeding studies allow
a comparison of internal dose biomarkers
with virtually identical exposures because
food can be centrally prepared, homoge-
nized, and weighed. Under such conditions
(35), interindividual variation (8-fold) was
observed among 10 subjects ingesting iden-
tical quantities of charbroiled beef. Thus,
major individual differences in absorption,
metabolism, and/or excretion of pyrene
are indicated.

Use of PAH Metabolites

in the Study of Biological
Effect and Risk Assessment
Animal Studies

In animal models, the majority of pyrene is
excreted in the urine and bile as glucuronide
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Table 1. Levels of 1-hydroxypyrene in human urine.

URINARY PAH METABOLITES

1-Hydroxypyrene,

Group n umol/mol creatinine (range) Reference
Nonsmokers 14 0.17 (0.01-0.93) (24)
Smokers 28 0.51 (0.04-1.24)
Asphalt pavers (23)
Preshift 43 1.35
Postshift 43 1.76
Aluminum plant workers (37)
Control 46 (0.44-0.61)
Preshift 55 (0.43-0.77)
Postshift 55 (1.93-3.60)
Coke oven workers (24)
Preshift 44 0.89 (0.24-3.50)
Postshift 44 2.47 (0.46-11.2)
Foundry workers (32)
Nonsmokers
Controls 20 0.16 (0.01-0.22)
Exposed 16 0.11 (0.09-0.13)
Smokers
Controls 26 0.26 (0.18-0.34)
Exposed 20 0.42 (0.25-0.59)
Steel plant workers? (33)
Nonsmokers
Low PAH 20 0.05
Mid-PAH 15 0.15
High PAH 5 0.37 (0.02-0.89)
Smokers
Low PAH 20 0.06
Mid-PAH 12 0.19
High PAH 12 0.82 (0.15-3.57)
Coal tar patients (20.22)
Pretreatment 4 (1-20)
Posttreatment 4 (100-500)
PAH in diet (34)
Preconsumption 5 0.09 (0.01-0.58)
Postconsumption 5 1.51 (0.80-2.01)
PAHs in diet? (35)
Preconsumption 10 0.02 (0.01-0.14)
Postconsumption 10 0.38 (0.08-1.10)

PAHSs, polycyclic aromatic hydrocarbons. #Measured as 1-hydroxypyrene-glucuronide.

or sulfate conjugates of hydroxylated
pyrene metabolites (e.g., 1-OHP, 1,6-dihy-
drodiolpyrene, or 1,8-dihydrodiolpyrene)
(38). The primary route of excretion of
higher molecular weight PAHs (e.g.,
B[4]P) is via the feces (/0), with only
about 1 to 3% of B[4]P dose administered
being recovered as urinary metabolites in
rats (39,40) or 12% as urinary metabolites
in rabbits (£1).

Camus et al. (42) compared urinary
B[2]P metabolite concentrations in two
strains of mice with different susceptibility
to PAH-induced carcinogenesis due to
their different capacities to metabolize and
activate PAHs. The more susceptible strain
excreted more 3-OH-B[4]P than the resis-
tant strain, consistent with the more rapid
metabolism in the susceptible strain.
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However, less than 0.1% of the adminis-
tered dose was detected as 3-OH-B[4]P in
the urine. Similarly, Jongeneelen et al. (43)
reported that cumulative excretion of
3-OH-B[4]P in rat urine was only 0.22 to
0.35% of administered dose after three
consecutive high doses of B[«]P, or 0.11 to
2.3% of administered dose after one
relatively low dose.

Further studies are required to assess
the value of urinary PAH metabolite levels
as potential indicators of risk as well as
exposure. Likhachev et al. (44) suggested
examining ratios of B[2]P metabolites in
the activation versus deactivation pathways
of B[4]P. For example, they monitored
excretion of 7,8-diol-B[4]P and 3-OH-
B[4]P in urine and feces of rats in an effort
to predict individual tumor risk.

Association of PAH Metabolites

with PAH-DNA Adducts in Haumans
A limited number of studies in humans
have examined the association between uri-
nary biomarkers of PAH internal dose and
biomarkers of macro-molecular dose (DNA
adducts). In foundry workers, increasing
levels of urinary 1-OHP (r=0.27, p=0.07
for trend) or peripheral blood PAH-DNA
adducts (r=0.28, p=0.08) were observed
with increasing external exposure (45).
However, the correlation coefficient
between the two biomarkers was only 0.15
(p=0.37, n=38). In contrast, the correla-
tion between these two biomarkers in a
study of aluminum plant workers was
highly significant (r=0.66, p<0.001,
n=23) for smokers and marginally signi-
ficant (r=0.25, p<0.089, #=31) for non-
smokers (46). In a smaller study of dietary
exposure to PAHs (35), these two bio-
markers were also significantly correlated
(r=0.79, p<0.01). The different results
observed in these studies may be due to
differences in the period of collection of
urine samples in the studies.

Risk Assessment

Assessment of human disease risk associ-
ated with specific agents is based primarily
on data from animal studies. Extrapolation
of disease risk between species necessitates
an assumption of comparable potency for a
given dose. One approach toward address-
ing this assumption at the molecular level
involves the use of target organ molecular
damage (carcinogen-DNA adduct levels in
the case of cancer) for predicting disease
outcome (47). Although this methodology
has been used to improve exposure assess-
ment in epidemiological studies, more infor-
mation is needed to judge its usefulness in
predicting cancer risk across species
Biological monitoring in the workplace
is useful for evaluating individual exposure;
however, the dose-response relationship
for adverse health effects due to that expo-
sure is rarely known. Estimates of group
disease risk associated with exposure can be
approximated from urinary markers of
internal dose and air measurements of
external exposure in occupations with high
disease prevalence. This approach was used
by Jongeneelen (48) in an attempt to esti-
mate a biological exposure limit value for
urinary 1-OHP based on the airborne
threshold limit value of coal tar pitch
volatiles. In a study of PAH exposure in
coke oven workers, measurements of uri-
nary 1-OHP and PAH in personal air sam-
ples were used to construct'an empirical
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mathematical relationship between the
two variables. Applying relative risk esti-
mates of lung cancer for topside versus
non-topside coke oven workers, it was pos-
sible to establish an indirect relationship
between lung cancer mortality risk and uri-
nary 1-OHP concentration (48) for coke
oven workers. (It should be noted that this
relationship would be expected to be differ-
ent for other routes of exposure, other mix-
tures of PAHs, and other sources of PAHs.)
Ultimately, validation of these results will
require prospective studies of disease risk.

Conclusions

Relevance for Large-scale
Population Monitoring

Biomonitoring is commonly performed
using either urine or blood samples. The
use of urine has advantages in that it is
obtainable in large quantities, at multiple
time points, and by self collection. In some
circumstances, blood collection may not be
medically or culturally acceptable. Depend-
ing on the assay to be performed, urine
samples usually do not require processing
before being frozen. In some cases, solid-
phase extraction of biomarkers from urine
before shipment and analysis may be con-
venient (49). In all cases, the stability of
the metabolites of interest under planned
storage and shipping conditions must be
evaluated. A potential disadvantage of
urine biomarkers is that, in general, they

STRICKLAND ET AL.

reflect only recent exposure (e.g., within
24-72 hr). However, multiple sampling
can be used to address this issue.

Such biomarkers provide an alternative
approach to improve assessment of expo-
sure in experimental and epidemiologic
studies. This approach has several potential
applications: ) to supplement and refine
exposure information obtained by ques-
tionnaire or records, particularly when
multiple sources of exposure are present,
b) in prospective population studies where
biological samples are banked for later
analysis, ¢) in case—control studies where
exposure conditions are not affected by
outcome, and ) in prevention studies
where intermediate markers of dose or
effect provide early indicators of change.
These types of studies should ultimately
lead to more accurate risk assessment and
risk identification.

Need for Validation in Transitional
and Prospective Studies

The use of biomarkers in epidemiologic
studies to enhance exposure assessment,
explore disease mechanism, and assess
acquired and inherited susceptibility
encompasses several objectives and study
designs. These activities are often cate-
gorized as laboratory, transitional, etio-
logic, and public health applications (50).
Optimal use of specific biomarkers (or
classes of biomarkers) requires careful con-
sideration of the objectives to be addressed

and the appropriate study design. A useful
discussion of this issue and a biomarker-
study design matrix are presented by
Rothman et al. (50). The advantages,
disadvantages, and logistical characteris-
tics of the proposed biomarker should be
considered in planning the study.

Ongoing validation studies are assessing
the usefulness of various biomarkers as
indicators of carcinogen exposure, effect,
and risk. One of the first rigorous tests of
DNA adduct concentration as a predictor
of human cancer risk was reported by Ross
et al. (51,52). They examined the associa-
tion between aflatoxin Bj—guanosine
adduct level in urine and subsequent risk
of liver cancer in a nested case—control
design. Aflatoxin adducts and metabolites
were assayed in previously collected and
banked urine samples from liver cancer
cases and matched controls. Detectable
levels of the aflatoxin adducts and several
other aflatoxin metabolites in urine were
predictive of liver cancer development. In
addition, evidence for a strong interactive
effect between urinary aflatoxin biomarkers
and hepatitis B virus was observed for liver
cancer risk. This study demonstrates the
potential value of using a biomarker of
internal or molecular dose as a predictor of
biological effect and health outcome. As
biomarkers for other compounds are vali-
dated, they will enhance the options avail-
able to epidemiologists in designing studies
to understand and prevent human disease.

REFERENCES

930

Baum EJ. Occurrence and surveillance of polycyclic aromatic
hydrocarbons. In: Polycyclic Hydrocarbons and Cancer, Vol 1
(Gelboin HV and Ts’o POP, eds). New York:Academic Press,
1978;45-70.

Sontag JM. Carcinogens in Industry and the Environment.
New York:Marcel DeEker, 1981;167-281;467—475.

IARC. Evaluation of the carcinogenic risk of chemicals to
humans: polynuclear aromatic compounds, Part 1. IARC
Monograph No 35. Lyon:International Agency for Research on
Cancer, 1983.

Bjorseth A, Becher G. Biological monitoring of PAH exposure.
In: PAH in Work Atmospheres: Occurrence and Determination.
Boca Raton, FL:CRC Press, 1986.

Lioy PJ, Waldman JM, Greenberg A, Harkov R, Pietarinen C.
The total human environmental exposure study (THEES) to
benzo[a]pyrene: comparison of the inhalation and food path-
ways. Arch Env Health 43:304-312, 1988.

WHO. Guidelines for Drinking Water Quality. Vol 1: Recom-
mendations. Geneva:World Health Organization, 1984;130.
Lijinsky W, Shubik P. Benzo[«]pyrene and other polynuclear
hydrocarbonsin charcoal—broilecrmcat. Science 145:53-55
(1964).

Fazio T, Howard JW. Polycyclic aromatic hydrocarbons in
foods. In: Handbook of Poylycyclic Aromatic Hydrocarbons,

10.

11.

12.

13.

14.

Environmental Health Perspectives = Vol 104

Vol 1 (Bjorseth A, ed). New York:Marcel Dekker,
1983;461-505.

IARC. Evaluation of the carcinogenic risk of chemicals to man:
certain polycyclic aromatic hydrocarbons and heterocyclic com-
Foncnts. IARC Monograph No 3. Lyon:International Agency
or Research on Cancer, 1973:91-136.

IARC. Evaluation of the carcinogenic risk of chemicals to
humans: polynuclear aromatic compounds, Part 1. IARC
Monograph No 34. Lyon:International Agency for Research on
Cancer, 1984.

IARC. Evaluation of the carcinogenic risk of chemicals to
humans: polynuclear aromatic compounds, Part 4. IARC
Monograph No 35. Lyon:International Agency for Research on
Cancer, 1985.

IARC. Evaluation of the carcinogenic risk of chemicals to
humans: overall evaluations ogcarcinogenicity. IARC
Monograph Supp 7. Lyon:International Agency for Research
on Cancer, 1987.

Armstrong BG, Tremblay CG, Cyr D, Theriault GP.
Estimating the relationship between exposure to tar volatiles
and the incidence of bladder cancer in aluminum smelter work-
ers. Scand ] Work Environ Health 12:486—493, 1986.

Schulte PA, Perera FP. Molecular Epidemiology: Principles and
Practices. San Diego:Academic Press, 1993.

, Supplement 5 = October 1996



15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

URINARY PAH METABOLITES

Becher G, Bjorseth A. Determination of exposure to polycyclic
aromatic hydrocarbons by analysis of human urine. Cancer Lett
17:301-311 (1983).

Becher G, Haugen A, Bjorseth A. Multimethod determination
of occupational exposure to polycyclic aromatic hydrocarbons
in an aluminum plant. Carcinogenesis 5:647-651 (1984).
Lenier P, Clonfero E, Cottica D, Gava C, Zordan M, Pozzoli
L, Levis AG. Mutagenic activity and polycyclic aromatic
hydrocarbon levels in urine of workers exposed to coal tar pitch
volatiles in an anode plant. Carcinogenesis 6:749-752 (1985).
Haugen A, Becher G, Bemestad C, Vahakangas K, Trivers GE,
Newman M], HarrisCC. Determination ofg polycyclic hydro-
carbons in the urine, benzo[z]pyrene diol epoxide-DNA
adducts in lymphocyte DNA, and antibodies to the adducts in
sera from coke oven workers exposed to measured amounts of
polycyclic aromatic hydrocarbons in the work atmosphere.
Cancer Research 46:4178-4183 (1986).

Keimig SD, Kirby KW, Morgan DP, Keiser JE, Hubert TD.
Identification of I-hydroxypyrene as a major metabolite of
pyrene in pig urine. Xenobiotica 13:415-420 (1983).
Jongeneelen FJ, Anzion RBM, Leijdekkers CM, Bos R,
Henderson PT. |-Hydroxypyrene in human urine after expo-
sure to coal tar and a coal tar derived product. Int Arch Occup
Environ Health 57:47-55 (1985).

Jongeneelen FJ, Azion RBM, Henderson PT. Determination of
hydroxylated metabolites of polycyclic aromatic hydrocarbons
in urine. ] Chromatog 413:227-232 (1987).

Jongeneelen FJ, Bos RP, Anzion RBM, Theuws JLG,
Henderson PT. Biological monitoring of polycyclic aromatic
hydrocarbons. Scand ] Work Environ Health 12:137-143
(1986).

Jongeneelen FJ, Anzion RBM, Scheepers PT]J, Bos RP,
Henderson PT, Nijenhuis EH, Veenstra SJ, Brouns RME,
Winkes A. I-Hydroxypyrene in urine as a biological indicator
of exposure to polycyclic aromatic hydrocarbons in several
work environments. Ann Occup Hygiene 32:35-43 (1988).
Jongeneelen FJ, van Leeuwen FE, Oosterink S, Anzion RBM,
van der Loop F, Bos RP, van Veen HG. Ambient and biologi-
cal monitoring of cokeoven workers: determinants of the inter-
nal dose of polycyclic aromatic hydrocarbons. Br J Ind Med
47:454-461 (1990).

Jongeneelen F], Leijdekkers CM, Henderson PT. Urinary
excretion of 3-hydroxybenzo[4]pyrene after percutaneous pene-
tration and oral absorption of Eenzo[a] pyrene in rats. Cancer
Lett 25:195-201 (1984).

Clonfero E, Zordan M, Venier P, Paleologo M, Levis AG,
Cottica D, Pozzoli L, Jongeneelen FJ, Bos RP, Anzion RBM.
Biological monitoring of human exposure to coal tar: urinary
excretion of PAHs, 1-hydroxypyrene and mutagens in psoriatic
patients. Int Arch Occup Environ Health 61:363-368 (1989).
Strickland PT, Kang DH, Bowman ED, Fitzwilliam A,
Downing TE, Rothman N, Groopman JD, Weston A.
Identification of 1-hydroxypyrene as the major pyrene metabo-
lite in human urine by synchronous fluorescence spectroscopy
and gas chromatography-mass spectrometry. Carcinogenesis
15:483-487 (1994).

Gomes M, Santella RM. Immunologic methods for the detec-
tion of benzo[a]pyrene metabolites in urine. Chem Res Toxicol
3:307-310 (1990).

Weston A, Bowmen ED, Carr P, Rothman N, Strickland PT.
Detection of metabolites of polycyclic aromatic hydrocarbons
in human urine. Carcinogenesis 14:1053-1055 (1993).
Grimmer G, Dettbarn G, Naujack KW, Jacob J. Intake and
excretion of polycyclic aromatic hydrocarbons of the masses
178, 202, 228 and 252 in the urine of coke workers compared
to non-exposed workers. Intern J Environ Anal Chem
43:177-186 (1991).

Tolos WP, Shaw PB, Lowry LK, MacKenzie BA, Deng J,
Markel HL. 1-Pyrenol: a biomarker for occupational exposure
to polycyclic aromatic hydrocarbons. Appl Occup Environ Hyg
5:303-309 (1990).

32.

33.

34.

35.

36.

37.

38.

39.
40.

41.

42.

43,

44.

45.

46.

47.

48.

Environmental Health Perspectives = Vol 104

, Supplement 5 = October 1996

Sherson D, Sigsgaard T, Overgaard E, Loft S, Poulsen HE,
Jongeneelen FJ. Interaction of smoking, uptake of polycyclic
aromatic hydrocarbons, and cytochrome P450IA2 activity
among foundry workers. Br ] Ind Med 49:197-202 (1992).
Kang DH, Rothman N, Cho SH, Lim HS, Kwon H]J, Kim
SM, Schwartz BS, Strickland PT. Association of polycyclic aro-
matic hydrocarbon exposure estimated from job category with
concentration of 1-hydroxypyrene-glucuronide in urine from
steel plant workers. Occup Environ Med 52:593-599 (1995).
Buckfey T]J, Lioy PJ. An examination of the time course from
human dietary exposure to polycyclic aromatic hydrocarbons to
urinary elimination of 1-hydroxypyrene. Br J Ind Med
49:113-124 (1992).

Kang DH, Rothman N, Poirier MC, Greenberg A, Hsu CH,
Schwartz BS, Baser ME, Weston A, Groopman JD, Strickland
PT. Interindividual differences in the concentration of
1-hydroxypyrene-glucuronide in urine and polycyclic aromatic
hydrocarbon-DNA adducts in peripheral white blood cells after
cKarbroiled beef consumption. Carcinogenesis 16:1079-1085
(1995).

Buchet JP, Gennart JP, Mercado-Calderon F, Delavignette JP,
Cupers L, Lauwerys R. Evaluation of exposure to PAH in a
coke production and graphite electrode manufacturing plant.
Br J Ind Med 49:761-768 (1992).

van Maanen JMS, Moonen EJC, Maas LM, Kleinjans JCS, van
Schooten FJ. Formation of aromatic DNA adducts in white
blood cells in relation to urinary excretion of 1-hydroxypyrene
during consumption of grilled meat. Carcinogenesis
15:2263-2268 (1994).

Boyland E, Sims P. Metabolism of polycyclic compounds: 23.
The metabolism of pyrene in rats and rabbits. Biochem ]
90:391-398 (1964).

Kotin P, Fal. 3,4-Benzpyrene after administration to mice and
rats. J Natl Cancer Inst 23:541-555 (1959).

Chipman JK, Hirom PC, Frost GS, Millburn P. The biliary
excretion and enterohepatic circulation of benzo[4]pyrene and its
metabolites in the rat. Biochem Pharmacol 30:937-944 (1981).
Chipman JK, Bhave NA, Hirom PC, Millburn P. Metabolism
and excretion of benzo[4]pyrene in the rabbit. Xenobiotica
12:397-404 (1982).

Camus AM, Aitio A, Sabadie N, Wahrendorf ], Bartsch H.
Metabolism and urinary excretion of mutagenic metabolites of
benzo[4]pyrene in C57 and DBA mice strains. Carcinogenesis
5:35-39 (1984).

Jongeneelen FJ, Leijdekkers CM, Bos RP, Theuws JLG,
Henderson PT. Excretion of 3-hydroxy-benzo[a]pyrene and
mutagenicity in rat urine after exposure to benzo[a]pyrene. ]
Appl Tox 5:277-282 (1985).

Likhachev A]J, Beniashvili DS, Bykov V], Dikun PP, Tyndyk
ML, Savochkina IV, Yermilov VB, Zabezhinski MA.
Biomarkers of individual susceptibility to carcinogenic agents:
Excretion and carcinogenic risk of benzo[4]pyrene metabolites.
Environ Health Perspect 98:211-214 (1992).

Santella RM, Hemminki K, Tang DL, Paik M, Ottman R,
Young TL, Savela K, Vodickova L, Dickey C, Whyatt R,
Perera FP. Polycyclic aromatic hydrocarbon-DNA adducts in
white blood cells and urinary 1-hydroxypyrene in foundry
workers. Cancer Epidemiol Biomark Preven 2:59-62 (1993).
van Schooten F], Jongeneelen FJ, Hillebrand MJX, Van
Leeuwen FE, de Looff AJA, Dijkmans APG, van Rooij JGM,
den Engelse L, Kriek E. Polycyc{ic aromatic hydrocarbon-DNA
adducts in white blood cell DNA and 1-hydroxypyrene in the
urine from aluminum workers: relation with job category and
synergistic effect of smoking. Cancer Epidemiol Biomarkers
Preven 4:69-77 (1995).

Gaylor DW, Kadlubar FF, Beland FA. Application of bio-
markers to risk assessment. Environ Health Perspect
98:139-141 (1992).

Jongeneelen FJ. Biological exposure limit for occupational
exposure to coal tar pitch vogtiles at cokeovens. Int Arch
Occup Environ Health 63:511-516 (1992).

931



49.

50.

932

STRICKLAND ET AL.

Groopman JD, Zhu J, Donahue PR, Pikul A, Zhang L, Chen
JS, Wogan GN. Molecular dosimetry of urinary aflatoxin
DNA adducts in people living in Guangxi Autonomous
Region, People’s Republic of China. Cancer Res 52:45-52
(1992).

Rothman N, Stewart WF, Schulte PA. Incorporating biomark-
ers into cancer epidemiology: a matrix of biomarker and study
design categories. Cancer Epidemiol Biomark Preven
4:301-311 (1995).

51.

52.

Ross R, Yuan JM, Yu M, Wogan GN, Qian GS, Tu JT,
Groopman JD, Gao YT, Henderson BE. Urinary aflatoxin bio-
markers and risk of hepatocellular carcinoma. Lancet
339:943-946 (1992).

Qian GS, Ross RK, Yu MC, Yuan JM, Gao YT, Henderson
BE, Wogan GN, Groopman JD. A follow-up study of urinary
markers of aflatoxin exposure and liver cancer risk in Shanghai,
People’s Republic of Cﬁina. Cancer Epidemiol Biomark Preven
3:3-10 (1994).

Environmental Health Perspectives = Vol 104, Supplement 5 = October 1996



